Incorporation of 14C-photosynthate into major chemical fractions of leaves and bark of Ceratonia siliqua L. at different seasons by Diehl, Susanne et al.
/. Plant Pbysiol. Vol. 141. pp. 6J7~662 (1993) 
Introduction 
Incorporation of 14C-Photosynthate into Major Chemical 
Fractions of Leaves and Bark of Ceratonia siliqua L. at 
Different Seasons 
SU5ANNE DIEHL', ULRICH KULL\ and STERGOS DIAMANTOGLOU2 
I Biologisches Inslilut dcr Universital Stuttgm, Pfaffenwaldring 57, 0-70550 5tuttgut 80 
J lnSlit\lte of General Bouny, University of Athens, Panepistimiopolis, GR-15784 Athen 
Received December 16, 1992 . Accepted Februuy 11, 1993 
Summary 
Parts of branches of Ceratonia si/iqua (L.) were exposed to HCOl for 3 h during the growth period in 
April, after termination of growth (end of May), in the summer drought period (August) and in the cool 
winter (February). Twigs were harvested immediately after the end of the feeding period as well as after 
48 and 144 h. Simultaneously with the last harvest of exposed plant partS, controls from outside the expo-
sure-chamber were also gathered. The total l4Cincorporation into leaves and bark as well as the labelling 
and contents of soluble sugars, starch, totallipids and other precipitable soluble compounds were deter-
mined. 
Totall~Cincorporation immediately after termination of l4COl application is a measure of the assim-
ilation rate; it was high and nearly identical in April and May, but low (only about 5% of the April 
value) in summer ;md wimer. The incorporation of He into soluble structural components was highest 
in April. Uptake of total HC and labelling of soluble compounds during the &-day period of the experi. 
ments show that metabolic rates were very low in summer but high during spring. The turnover of solu-
ble compounds in February was remarkably high regarding the low COrf1Xation rate. The labelling of 
soluble sugars in leaves decreased in all experiments; the specific activity of starch remained rathe"r stable". 
The" incorporation of l4C into the lipid fraction was weak in all seasons and significant alterations took 
place only during the growing period. 
Vari:nion in assimilation rates of Ceratonia at different seasons was comparable to that found for other 
mediterranean species using IRGA methods. There was no indication that lipids in Ceratonia are true 
storage compounds and participate in cyclic metabolic processes preventing stress effects. The weak turn-
over of lipids leads to the conclusion that maintenance Costs for these compounds, as calculated by Me-
rino et a!. (1984). perhaps are too high, at least for Ceratonia. Our results do not suggest a specific adapta-
tion of the metabolism of storage compounds to summer drought in Ceratonia. 
Key 'WOrds: Ceratonia siliqua L, assimilation rate, 14CO,application, drought stress, /ipids, maintenance 
cost, sugars, starch, storage. 
The carob-tree Ceratonia siliqua is a very drought-toler.lnt. 
but rather mesomorphic-leaved species growing in most 
thermophilic plant-communities of the Mediterranean re-
gion (La Gullo et al., 1986). The stomata behaviour and as-
similation rates are those of a true sun plant (Rhizopoulou 
and Nunes, 1981}. The evergreen leaves have a Jife-time of 
about 2~2~ years (Diamantoglou and Mitrakos, 1981). Dia· 
mantoglou and Meletiou-Christou (1978) found no accumu-
lation of soluble carbohydrates and no change in the osmotic 
potential in the le;Lves during the summer drought period, 
which was confumed by Rhizopoulou et al. (1989) in inves-
tigations using extracted sap. The sugar content of the leaves 
658 SUSANNE DIEHL., UUJCH Kuu, and STUG05 DIAMANTOGLOU 
is highest at the end of the growth period in May. In the 
bark of twigs there is an accu mulation of sugan: and lipids 
during the summer and autumn. The lipid content of the 
leaves is highest during the winter months :md in the late 
growth period (Diamantoglou and Meletiou-Christou, 
1977). T o obtain further information on the accumulation 
of sugars, starch and lipids and their function as storage sub-
stances, we performed experiments to trace the incorpora-
tion and dist ribution of the photosynthetically fixed HCOl . 
The role of lipids as storage substances is equivocal (Nelson 
and Oickson, 1981; Hetherington et ai., 1984; Beeson and 
Proebsting, 1988: Chapin et al., 1990). Our earlier specula· 
tion on a possible role of the allocation of lipids in Mediter-
ranean evergreen species (Diamantoglou and Kwl, 1982) 
therefore needs confirmation or refutation. For this reason 
the labelling experiments were undertaken during different 
seasons: the growth period, the cool winter and the hot sum· 
mer drought period. 
M,terlal and Methods 
Miflt'r'iA1 
A middle-siud tree of Cniftonia 5ilUilta L, about 40-50 years 
old, growing on the edge of the wilderness arn of the Botanical 
Garden Diomidis, Athens, Greece was chosen for the labelling ex· 
periments. The branches used for the investigations were partly 
shaded when the sun was high in the sky. 
M,tlxxU 
ubtlling proadm"n 
The exptrimenu took place from 1~_14oo. Labelling with 
lOCal was performed according to Kull and Baitinger.Haa.rdt 
(1977), with some modifications for branches of treeS as described 
by Distelbanh (1982). Thc tcrminal part (about 6Ocm) of a branch 
(length > I m) with ~vcral twigs was placed in an air-tight plastic. 
foil chamber and equilibrated for 1 h before labelling took place. 
Transpiration of the enclosed leaves in the chamber caused the air 
humidity to ri~ to ;J.bout 80 - 90% during summer and 100% dur· 
ing the other ~asons. The temperature reached maximum values 
about 4- 5 "C higher than the air temperature outside the chamber. 
As ob~rved microscopically, $lomata of the leaves were open in all 
experiments. The twigs enclosed in the chamber were allowed to 
only bear fuUy developed Inves; therefore. in the April experiment 
about 2S % of the leaves present had to be removed and in the May 
experimem about 10 'lb. This is important because growing leaves 
form sinks and this would lead to problems in interpretation of data 
(compare Kriedemann, 1969; Robens and Men;J.ry, 1990). 
After the equilibration period, 7.4MBq (200IJ,Ci) L'COl were 
generated in the chamber (11 a.m.). Aher a J·h supply of HCOl to 
the branch. the chamber was opened. ventilated and then removed. 
HiJnJf!Stmg 
Immediately after removing the chamber some twigs of the 
branch were harvested and placed in plastic bags. In the following 
chase-period further harvesting took place 48 h and again 144 h after 
the labelling experiment. Simultaneously with the last harvest, 
50me twigs of the branch that had remained outside the exposure-
chamber were also gathered to find out how much photosynthate 
was exported from the labelling area. 
The branch ~ in the experiment was next cut at itS base. In the 
May experiment. very little radioactivity was found at the base of 
the branch. No further investigation of the labelling of the branch· 
bases took place in the other experiments. 
Quantitative estimation ofsubstanw 
Tile plant material was separated into leaf-blades, rhachis and pe-
tioles (not investigated further), and bark. It was placed in plastic 
bags. dipped intO boil ing water for tOmin and brought to the labo-
ratory, about 60-90 min after harvesting the material was dried in a 
ventilation oven at 6O"C. Prior to analysis, the plant material was 
freeu-dried and ground to a fine powder. 
Soluble sugars were analyud by TLC and total sugar content by 
the anthrone method (compare Distelbanh et al., 1984). Starch con· 
tent was measured using the anthrone method of McCready et at 
(1950) and total lipids were quantified according to the gravimetric 
method of Bligh and Dyer (1959). The lipid fraction contained 
membrane lipids and triacylglycerols, as well as chlorophylls, caro-
tenoids and perhaps other isoprenoids. The isoprenoid lipids consti-
tute a nther small portion of the total lipid fraction (compare Dia· 
mantoglou and Kull, 1988), but the amount of waxes perhaps also 
inclu.ded is not known. Mucilage and proteins were precipitated 
with acidic ethanol (Naglschmid et al., 1982) and determined by 
gravimetry. 
As a gross value of (drought.)strcss (compare Diamantoglou and 
Kull, 1988; Rhizopoulou et al., 1990), the proline content of the 
leaf·b lades wa.s measured according to the method of Ihtes et al. 
(1973) in the version modified for freeze-dried material by Huq and 
wher (I984). In the leaves harvested in August the content was 
about 25% higher than in May, in those harvested in Februuy 
about 15% higher. 
Estimotlion of labelling 
TOlal <lCtivity 
Samples of 100 mg fine powdered plant material were dissolved 
in :t scintillation vial in I mL tissue solubilizer (Solubiliur T$.1; 
O.6M solution in toluene, Zinsser An~lytic, Frankfurt). The vials 
were incubated with slow shaking at 40 GC for 12 h, then dccolo-
riud by adding 1 mL isopropanol and I mL H 20} (30 %) according 
to the method described by Bcnuoni and Mills (1991). After 10h, 
0.5 mL concentrated acetic acid and 10 mL scintillation fluid 
(Quicksafe A, Zinsser Analytic) were :tdded. The activity was deter· 
mined in a liquid scintillation counter (Packard Liquid Scintillation 
Analyzer Tri·Carb, Model 1600 CA). Quench correction was ac· 
complish.ed using an internal standard. 
Labelling of the fractions 
After removing the spots from the TL plates they were ext racted 
with 80 % ethanol (30 min, 50 "C, shaking) and separated from the 
si lica gel by centrifugation in Eppendorf microsample tubes. After 
separation and evaporat ion to dryness scintillation fluid (Quicksafe 
A, as above) wa.s added. 
Labelling of $larch (and of the mucilage-protein·fraction) was 
measured by adding Quickufe A (a scintillation flu id suitable for 
aqueous probes) to an aliquot of the solubiliud material. 
For quantification of the activity of the total lipid fraction, the 
lipid was weighed, dissolved in chloroform·methanol and scintilla-
t ion fluid (also QuicksUe A. for reasons of comparison) added. 
Standard deviation was calculated from several (2-4) separate in· 
vestigations of the same sample. This could not be accomplished 
with all samples because of lack material, in which case the standud 
deviations obtained were generalized. 
Table I: Total 14C-activiry (Bq/ mg dry material) in leaves and bark 
after feeding ('COz to twigs of Qratonia at different seasons. 
Date of oh 48h 144h control from outside 
experiment "her t ermination the exposure cham-
of the f~ding ber (144h after 
termination of the 
feeding) 
April leaves 15.1 12 7.3 5.6" 
(24. 4.) buk 4 .• 7 .• 8.5 0.Q2 
M.y leaves 14.5 11.8 3.6 0.3 
(28.5.) buk 12.8 15.0 4.5 0.2 
August leaves OA 0.3 OA 0.04 
(20. 8.) buk 0.02 0.3 0.3 <0.01 
February leaves 0] 0.5 0] 0.03 
(10. 2') buk 0.05 0.5 0.6 <0.01 
,. Controls contained growing leaves. 
Stand:ard deviation measured from 8 of the samples by 3, resp. 4, 
separate investigations is in the range ± (0.08-0.15 Bq/mg). 
Results 
Total '4C-incorporation at different seasons 
Total HC-incorporation (Table 1) immediately after termi-
nation of the 14COrfeeding, which can be taken as a measure 
of the assimilation rate, was highest in the April experiment 
during the main growth period of the tree. When the fiXa-
tion rate of this experiment is considered as 100%, 4 weeks 
later (end of May) we found 96%, during the summer 
drought period in August 3 % and in winter (February) S %. 
The COruptake was very low in the summer experiment in 
spite of the cuvette-climate existing in the exposure chamber 
during the 3 h feeding period. Also, in the cool season the as-
similation rate was remarkably low and less than what we 
expected. In the bark, the initial activities were higher in 
May than in April; for summer and winter the results were 
comparable to those found for leaves. 
To obtain some information on the incorporation of He 
into structural components of the leaf-tissue, the activity of 
water soluble compounds, total lipids and starch was 
summed up. The total initial activity of these compounds 
was highest in the May experiment. If for reasons of compar-
ison we consider the activity of this fraction in April as 
100%, the May value reached about 150%. In April, the 
twigs of our sample contained growing tissues (the young 
leaves were removed, but growing tips were still present), 
Therefore, a greater pan of the produced assimilates was 
metabolized to structural components, e.g. new cell walls. In 
May, growth had terminated in the twigs used for the experi-
ment. In the summer experiment the activity of soluble com-
pounds and starch was 19%, and in February it reached 58% 
of the April value. From a comparison of relative values 
(percentages) of the total activities, one can conclude that in 
summer and winter the labelling of the structural com-
ponents is weaker than during the growth period in April. 
The dynamics of labelling during the 6-day-period of the 
experiments showed that metabolic rates were very low dur-
ing the summer drought and low in the cool, though rather 
humid winter, but high during spring. In April, in the main 
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growth phase, the activity in the leaves during the course of 
6 days declined to about 50%, whereas in the bark, due to 
expon from the leaves, the activity doubled in this period. A 
high translocation rate was also recognized from the labell· 
ing of the control leaves outside the exposure chamber. 
About JO % of these control leaves were growing and there-
fore acting as sinks for assimilates. In May, the decrease of 
(~e in the leaves was still more distinct (to about 25 % in 6 
days). The leaves were then predominantly producing for 
expon. In the bark, we initially found a rise and then a de:-
cline of activity, which may be explained by the transpon 
function. In the summer experiment, the weak initial activ-
ity in the leaves was not altered significantly. The same is 
true for the experiment in February, but labelling was some:-
what higher than in August in all samples; hence, we may in-
fer that the reduction of metabolism is more distinct in the 
summer than in winter, 
Specific activities of L:tbelled compounds 
The contents of sugars, starch and lipids in the samples 
were in general similar to those reponed by Diamantoglou 
and Meletiou-Christou (1977, 1978), but some minor differ-
ences should be mentioned. In leaves, the starch content in 
our experiment was approximately the same in February 
and April (2.7-2.9%). The total lipid content of leaves in 
February (about 5%) and in April (about S%) was less than 
reponed earlier. In May, the content of sugars in the bark 
was higher and that of starch was lower than described. 
The specific activities of the compounds investigated are 
shown i.n Fig. I. To calculate rough values of the relative spe-
cific activities of the fraction of «other soluble compounds"" 
mucilages and proteins were precipitated; the remaining ac-
tivity in the supernatant was then very low. Because muci-
Jages (carob gum) share a relatively great part of this fraction 
but were labelled weakly (apart from the growth period), the 
specific acti"ity of this fraction should be taken only as a 
rough value. 
A comparison of the labelling pattern in the different sea-
sons shows that in May and August sucrose had the highest 
activity of all compounds, but in February and April glucose 
and fructose borh reached higher values. The incorporation 
of He in the lipid fraction was weak in all cases. The «other 
compounds", showed a distinct labelling in April and also in 
February, but a very low value in August. 
Looking at the dynamics of the specific activities during 
the period of 6 days, we found the expected decrease in su-
crose in all cases, which was least distinct in April. In sum-
mer the monosaccharides showed only a weak decline. The 
specific activity of starch remained remarkably stable, not 
only during one experiment (that may be expected for a 
long-term storage compound), but also throughou( the dif-
ferent seasons. Starch in the control leaves outside the cham-
ber after 144 h had approximately the same activities as the 
starch of the leaves inside. In August, there seemed to be no 
metabolic turnover of the starch after it had been synthe-
sized (perhaps the r.tther high rate of synthesis in August is a 
consequence of the chamber climate). In the tmallipids, sig-
nificant variations of the specific activities are observed only 
during the growing season. The low activities in August and 
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Fig. I: Spttific I'CactivilY (Bq/mg) of several compounds in leaves 
of UratDni.:J at different periods after the end of feeding HCOZ to 
twigs. Feeding period: ] h. Control: leaves from ouuide the expo-
sure chamber, I .... h after termination of feeding. The fraction of 
~othc r compounds. contains mucilages and proteins. Standard de-
viations are tOO sma.ll to be presented in the figure (s.d. as Bq/mg: 
sucrose :I: 8.2; glucose :I: 14; fructose ± 13.5; starch ± 5.5 lipid frac-
tion :I: 6.3). In AuguSt and February the activity of the lipid frac· 
tion was in the range of standard dcviation. 
February (less than 1 % of the initi:al total activity) point to a 
very weak metabolic rate. There was no correlation to the 
tOtal lipid content, which was high in February and low in 
August. The heterogeneous group of other soluble corn· 
pounds in all seasons except summer showed. a rapid loss of 
activity due to compounds with rather intense metabolism. 
In August, the turnover of this fraction W15 very Iow. 
A similar conclusion to a weak turnover in August can ~ 
drawn from calculation of the total activities of soluble corn. 
pounds expressed as percentages of the initial values after the 6 
days of experiment. The decrease in April led to about one 
third of the initial value. in May to about 15 %, in February to 
20%and in August t065%. In April, the retention of growing 
tissues seems to be important. The turnover in February was 
remarkably high reguding the low COrftxation rate. 
In bark (Table 2), only soluble sugars attained a high Iabell. 
ing rate. In April, the activity seemed to be retained, whereas 
Table 2: Specific "Cactiviry (Bq/mg) of several compounds in bark 
of .UrtJtOllia at different periods after the end of feeding 14COZ to 
twIgs. 
experiment period tOta.l suprs n=h tota.llipids 
April oh 132 3' D_' 
48h 131 6. 
" 144 h 123 73 23 
control n.s. 7 n.s. 
Oh 225 21 D>. 
<Bh m 29 12 
144h 42 10 • 
control n.S. n.s. n.S. 
August Oh n.S. n.s. n.S. 
<Bh 5 n.s. n.S. 
J.44h 6 • n.s. 
control n.s. S n.S. 
February oh n.5. n.s. n.s . 
• ,h 10 n.s. n.s. 
IHh 10 6 n.s. 
cOnlrol n.s. 6 D>. 
n.s.: Difference between measured activity and background less 
than standard deviation. 
in May a peculiar decline from the 2nd to the 6th day was 
observed. The total lipids - as found for the leaves _ 
showed a significant turnover only in April and May. The la· 
belling patterns in the bark and their variations can ~ ex. 
plained by the transpozt processes. The transport rates were 
Iow during the periods or reduced metabolic activity. From 
the data obtained for leaves and bark in February one may 
conclude that there are rather intense metabolic processes 
occurring within the leaves. However. transpon out of the 
leaves was very weak, which is in accordance with the ob-
served low COl fIXation rate. 
lAbelling patterns of compounds (as percentage of total 
activity) 
Calculation of percentages of speciftc activities in the a11c> 
cated compounds gave funher information on storage prc> 
cesses at different seasons. The initial labelling of starch was 
higher in August (40% of total 14C of soluble compounds) 
than in the other seasons (8 - 13 %). For the lipid fraction, in 
May a rise in the percentage of 14C during the 144 h experi. 
memal period from 5 % to 15 % was found; however. in the 
other experiments the percentage of activity was not altered 
signiftcantly. Soluble sugars showed a decline of activity (as 
percentage) during the 6 days, but it was distinct only in 
May, probably caused by a more effective transpon of the 
leaves. As expected, the percentage of labelling of starch rose 
in all experiments, predominantly during the ftrst 2days. 
Discuss ion 
Ceratonia, in spite of growing in the driest areas of the 
mediterranean region. is not a very sclerophyllous species. 
The young leaves are vulnerable to water stress, so that leaf 
growth has to be completed before the dry season com-
mences (Lo Gullo et al., 1986). We found high rates of p'ho-
tosynthesis during the growth period and Iow values in win-
ter and summer, thus confirming the results from Arbutus 
obtained by Beyschlag et al. (1986) and very recent results 
from Ceratonia (Nunes et al., 1992) using an IRGA-method. 
From their data these authors conclude that in winter the 
photosynthetic rate may be low due to low temperature and 
in summer due to the severe drought. We also observed the 
highest rate of photosynthesis in adult leaves of Ceratonia 
during the period of intense growth. During the feeding-ex-
periment in August, the stomata of the leaves inside the ex-
posure chamber were open (as proved by microscopy) and 
transpiration took place (seen from a rise of air humidity in 
the chamber); therefore, the low assimilation rate cannot be 
attributed to a tight stomatal closure. Non-stomatal mecha· 
nisms of the reduction of photosynthetic rates already were 
discussed by wcher et al. (1981) for Olea and then, in a 
more general way comprising the data from literature, by 
Farquhar and Sharkey (1982) and Farquhar et a1.. (1989). A 
shih in the physiological response of photosynthesis to 
drought is not influenced by short time changes of leaf water 
potential (Gollan et al., 1985; Tenhunen et al., 1985), which 
in the August experiment could have been effective in the 
exposure chamber. However, there seem to be major influ-
ences of soil water content (Sharp and Davies, 1989). Nunes 
et a1. (1992) showed that in Ceratonia a marked reduction in 
photosynthesis rate occurred only after depletion of all the 
available wattr in the upper soil layer. According to Tenhu-
nen et al. (1990), such physiological adjustments lead to large 
savings of water and to a more efficient water use under se-
vere stress; if so, they may be substantial in terms of carbon 
gaJD. 
Variations in the labelling of sugars in Ceratonia leaves are 
compuable to those described for leaves of growing and 
non-growing POpU{U5 plants (Dickson and Nelson, 1982). 
During the growth period, most of the HC initially found in 
sugars is metabolized or exported. Therefore, in Ceratonia 
after 144 h the activity of su~ars in non-exposed leaves of the 
branch was as high as in the 4C02 fed leaves. 
A function of lipids as storage compounds is not dear and 
an accumulation, as described for Ceratonia by Diamanto-
glou and Meletiou·Christou (1977), is not in all cases a true 
storage (Hetherington et al., 1984; Chapin et al., 1990). FuUy 
expanded leaves of Glycine show a slow lipid turnover (Ka-
gawa and Wong, 1985) and we obtained comparable results 
for Ceratonia in spring. The metabolic rates of Iipids in Cera· 
tonia in the summer and winter experiments almost may be 
neglected. Perhaps only a fairly small ponion of the lipid 
fraction (e.g. the membrane lipids) has a high turnover rate 
and other components are rather inert. Therefore, an impor-
tant portion of the fraction may not be used as readily avail-
able resources. Larcher and Thomaser-Thin (1988) showed 
that the lipid accumulation in sclerophylls is not influenced 
by environmental factors. From our experiments, a function 
of components of the lipid fraction as long term storage sub-
stances with only a weak metabolism cannot be fully ruled 
out. However, in any case they are less important as an 
energy storage than carbohydrates. Because of their weak 
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turnover, the values for maintenance costs for the totallipids 
as calculated by Merino et al. (1984) seem to be tOO high for 
Ceratonia, especially in the cool and dry seasons. Perhaps 
this may also be true for other sclerophyllous species. 
Severe stress conditions may cause a reinforcement of cy· 
clic metabolism, Under conditions of drought and high light 
intensity in sclerophylls, a recycling of CO2 by photorespi-
ration could maintain carbon metabolism behind closed sto-
mata. This mechanism provides a sink for the dissipation of 
photochemical energy, preventing damage of the photosyn-
thetic system (Osmond et aI., 1980). Anoxic stress may cause 
cyclic metabolic processes with participation of lipids (Ken-
nedy et al., 1992). The decrease in lipid content in leaves of 
Ceratonia during the drought period led us to suppose that 
degradation of lipids could increase the CO:z-production for 
recycling (Diamantoglou and KuU. 1982). Our labelling ex-
periments described here do not give any indication of such 
a process. Our results in Ceratonia do not suggest a specific 
adaptation of the metabolism of storage compounds to sum-
mer drought. Biophysical mechanisms may be important for 
drought stress tolerance of leaves (Wyn Jones and Pritchard, 
1989). According to recent results from Ceratonia leaves 
(Nunes et al., 1989) such mechanisms, as e.g. a change in the 
elastic modulus of cell walls, may be efficacious for avoiding 
the results of severe water stress. 
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